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Abstract
The end bearing capacity of a rectangular steel tube can be substantially increased through local
strengthening by bonding carbon fiber reinforced polymer (CFRP) plates to the webs of the steel
tube. Existing studies have revealed that failure of such a strengthened tube generally occurs by
debonding of the CFRP plates from the steel tube and the effectiveness of this strengthening
method depends significantly on the properties of the adhesive. This paper presents a finite
element (FE) study on debonding failures in such CFRP-strengthened rectangular steel tubes
subjected to an end bearing load. In the proposed FE model, a bond-slip model developed by the
authors’ group for CFRP-to-steel interfaces with linear adhesives together with a mixed-mode
cohesive law are employed to predict debonding failures. The FE model is shown to closely
predict the experimental behavior of such CFRP-strengthened tubes.
Keywords: CFRP, debonding, end bearing, FE modeling, steel tubes, strengthening.

1. Introduction
Web crippling under transverse bearing is a common failure mode of thin-walled metal sections
and has been studied by many researchers [e.g. 1-3]. Zhao et al. [4] and Fernando et al. [5]
recently explored the use of bonded CFRP plates to increase the end bearing capacity of steel
rectangular hollow sections (RHS) through experimental studies and demonstrated the
effectiveness of this strengthening technique. These studies have also revealed that debonding of
the CFRP plates from the steel substrate is a common phenomenon in such CFRP-strengthened
steel tubes. This debonding may occur within the adhesive (i.e. cohesion failure) or at the
bi-material physical interfaces between the adhesive and the adherends (i.e. adhesion failure) [5].
In addition, a combination of adhesion failure and cohesion failure may occur [5].
Fernando et al. [5] presented a preliminary finite element (FE) study on the behaviour of
CFRP-strengthened rectangular steel tubes under an end bearing load, with the focus being on the
interfacial stresses developed in the adhesive layer. While results from this FE study explained
reasonably well the experimental behaviour of tubes strengthened with different adhesives, the
FE model could not predict debonding failures as the adhesive layer was simply assumed to be a

linear elastic material [5]. In order to accurately predict debonding failures in such strengthened
tubes, the bond-slip behaviour of the CFRP-to-steel interface needs to be appropriately simulated.
In addition, as the adhesive layer in a CFRP-strengthened tube is subjected to combined normal
(mode I) and shear (mode II) stresses, the effect of interaction between mode I and mode II
loading on damage initiation and propagation within the adhesive needs to be accounted for.
This paper presents an FE model which can accurately predict debonding failures in rectangular
steel tubes strengthened with CFRP plates bonded on the webs using a linear adhesive and
subjected to an end bearing load. In the proposed FE model, a bond-slip model developed by the
authors’ group for CFRP-to-steel interfaces is employed together with a mixed-mode cohesive
law to account for the interaction between mode I loading and mode II loading.

2. FE Modeling
2.1 Tests Conducted by Fernando et al. [5]
In the study conducted by Fernando et al. [5] on the CFRP strengthening of rectangular steel
tubes under an end bearing load, sixteen specimens were tested, including one bare steel tube as
the reference specimen and five groups of CFRP-strengthened steel tubes with the only difference
between them being the adhesive used; each group consisted of three identical specimens with the
same adhesive. The present study was conducted to achieve reliable FE modeling of two of these
five groups of specimens. These two groups were selected for modeling because: (1) the
adhesives used (i.e. Sika 30 and Sika 330) had an approximately linear-elastic stress-strain curve
before brittle failure; (2) the specimens failed at least partially by cohesion failure within the
adhesive layer. The simulation of debonding failures of CFRP-to-steel interfaces with a nonlinear
adhesive and/or in the adhesion failure mode is beyond the scope of the present study.
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Figure 1. CFRP-strengthened rectangular steel tube and the test set-up

In Fernando et al.’s tests [5], the bare steel tube had a height of 99.8 mm, a width of 50.1 mm, a
thickness of 1.78 mm and a length of 202 mm. For each of the CFRP-strengthened steel tubes,
CFRP plates were bonded to the outer surface of the two webs, as shown in Fig. 1a. Two CFRP
plates were bonded side by side to each web side and they each had a height equal to that of the
web (i.e. 92 mm) and a width of 50 mm; the two plates are referred to as a single plate of 100 mm
in width hereafter and were also treated as a single plate in the present FE study; this treatment
means that the lack of longitudinal continuity between the two CFRP plates is assumed to be
unimportant. The material properties of the steel, the CFRP and the two adhesives are given in
Table 1. The material properties of the CFRP are those in the direction of fibres as given by the
manufacturer. The material properties of the steel were found from tensile coupon tests; coupons
cut from both the flat regions and the corners of the steel tube were tested as their properties were
expected to be different [5]. The material properties of adhesives were also obtained from tensile
coupon tests.

Table 1. Material properties of CFRP, steel and adhesives
Flats
Corners

RHS
CFRP
Sika 30
Sika 330

Elastic modulus E (GPa)

0.2% proof stress0.2 (MPa)

Ultimate stress u (MPa)

192
198
300

322
390
N/A
N/A
N/A

370
450
1300

11250
4820

22.3
31.3

2.2 The FE Model
The finite element (FE) model presented below was proposed for implementation within the
commercially available software package ABAQUS [6] where the general purpose shell element
S4R with reduced integration was chosen to model the steel tube. The FE model is shown in Fig.
2. Because of the symmetric nature of the problem, only half of the section needs to be modeled
with appropriately defined symmetric boundary conditions.
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Figure 2. FE model (mesh not shown for clarity)

The base plate (Fig. 2) is modeled as a fixed rigid body. The “surface to surface contact” option
provided in ABAQUS is employed for modeling the interaction between the base plate and the
steel tube. The “small sliding” option is adopted so that the nodes on the slave surface (defined as
the bottom corner region of the tube in the present study) can interact appropriately with the same
local area of the master surface (defined as the top surface of the base plate), even when the
surfaces undergo large rotations. The “hard contact” option is used for the normal direction while
a friction coefficient of 0.45 [7] is adopted to define the interaction in the tangential directions.
The bearing plate (Fig. 2) is modeled using the 8-node continuum element C3D8. The interaction
between the bearing plate and the steel tube is modeled in the same manner as that for the base
plate and the steel tube. The bottom surface of the bearing plate is defined as the master surface
and the top corner region of the steel tube is defined as the slave surface. In the FE model,
loading is applied at the top four corners of the bearing plate by prescribing vertical
displacements.
The measured material properties given in Table 1 are used for the steel tube. The Poisson’s ratio
is taken to be 0.3. Engineering stresses and strains were transferred to true stresses and true
plastic strains to define the plastic part of the steel behavior. More details of the FE modeling
procedure of bare steel tubes subjected to an end bearing load including the constitutive modeling
of steel, the contact behavior and the selection of element type and size are available in Ref. [8].

The CFRP plates are treated as an orthotropic material. The elastic modulus in the fiber direction
(E3) was determined to be 300 GPa based on a nominal thickness of 1.4 mm according to the
manufacturer’s data while the elastic moduli of the other two directions (E1, E2), the Poisson’s
ratios and the shear moduli were assumed the following values based on the results of Deng et al.
[9]: E1=E2=10 GPa, ν12=0.3, ν13=ν23=0.0058, G12=3.7 GPa and G13=G23 =26.5 GPa. The CFRP
plates are modeled using the general purpose shell element S4R with reduced integration.
The adhesive layer is modeled using the 3D cohesive element COH3D8. The adhesive surfaces
are connected to the CFRP plate and the steel tube web using tie constraints. The cohesive law
proposed by Fernando [8] is adopted to represent the constitutive behavior of the adhesive layer.
The cohesive law considers the effect of interaction between mode I loading and mode II loading
on damage propagation within the adhesive: damage initiation is defined using a quadratic
strength criterion, and damage evolution is defined using a linear fracture energy-based criterion,
both of which take account of mixed-model loading [8]. The mode I fracture energy is assumed
to be equal to the tensile strain energy. The traction-separation behavior is assumed to be bi-linear
for both mode I and mode II loading. The parameters of the traction-separation curves used in FE
modeling are summarized in Table 2. The parameters for the mode II bond-slip curve were
deduced from the bi-linear bond-slip model which was proposed by Fernando [8] based on a
comprehensive experimental study and has been shown to provide accurate predictions of the
bond behavior of CFRP-to-steel bonded joints subjected to mode II loading.
Table 2. Traction-separation parameters for different adhesives
Gf
max /max 1
Adhesive
Mode
(MPa)
(mm) (N/mm)
0.002 0.041
I
22.34
Sika 30
0
0.001 1.031
II
20.11
0.006 0.106
I
31.28
Sika 330
0.070 7.056
II
28.15

max: peak normal bond stress; max: peak shear bond stress; 1: separation/slip at peak bond stress,
Gf: interfacial fracture energy
2.3 Mesh Convergence Study
A mesh convergence study was conducted, arriving at an appropriate mesh for the finite element
model adopted in the present study; more details of the mesh convergence study of the bare steel
tube are not presented here but are available in Ref. [8]. This mesh, as shown in Fig. 3, was found
by testing several different meshes to be fine enough in the sense that further mesh refinement
leads to insignificant changes in the predicted ultimate load. 10 elements were selected to model
each corner based on results obtained from the use of 2, 4, 6, 8, 9, 10 and 11 elements; 200
elements were used over the height of the web based on the results obtained from the use of 100,
150, 200, 250 elements.
Corner region
Finer mesh on the
web near the corner
region
200 elements on
the rest of the web
height
Figure 3. Details of the FE mesh

3. Results and Discussions
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Results from numerical simulations conducted using the FE model described above are presented
in this section for comparison with the experimental results. The predicted load-displacement
curves are compared with the experimental curves in Fig. 4. The displacement in both the
experimental curves and the FE curves are the average vertical displacement of the bearing plate,
while the load is the total load acting the bearing plate. The FE model provides accurate
predictions for the bare steel tube (Fig. 4a); the post-failure branch of the predicted curve
descends more quickly than the experimental curve, which is attributed to the rotational restraint
provided by the loading head to the semi-circular loading block during the experiment (Fig. 1b)
[8]; due to this restraint, the semi-circular block in the laboratory test did not rotate as much about
the front edge of the steel tube as the bearing plate (which represents the semi-circular block) did
in the FE model. As a result of this rotational restraint, a gap between the bearing plate and steel
tube was observed to appear near the front edge of the steel tube in the laboratory test. Since the
vertical displacement during the laboratory test was measured as the average displacement of the
transducers attached to the bearing plate, the reduced rotation of the semi-circular block means
that the vertical displacement measured in the test was lower than the actual displacement of the
top corner at the loaded end. If this problem did not exist in the experimental loading condition, a
much better agreement in the post-failure load-displacement branch between the FE and
experimental results could be expected.
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(b) Specimens with Sika 30
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Figure 4. Comparison of load-displacement curves

The predicted ultimate loads for the two groups of CFRP-strengthened specimens are in excellent
agreement with the experimental results (Figs. 4b and c). However, for the specimens with
adhesive Sika 330, some discrepancy is seen in the load-displacement behavior close to the
ultimate load (Fig. 4c). The FE model predicts much stiffer behavior prior to the ultimate load
compared to the much longer stage of stiffness reduction prior to failure observed in the
experiment. It was observed during the experiments that in the specimens with adhesive Sika 330,
cracking at a plate end had initiated before the ultimate load was reached [5]. In the experiments,
debonding was a more dynamic process compared to the much more gradual debonding
propagation predicted by the FE model which treated the process as a static problem. Due to the
dynamic nature of debonding cracking, debonding in the experiment propagated farther than was
possible without the dynamic effect, leading to a greater reduction in the resistance/stiffness

provided by the CFRP to the web against lateral deformation. Therefore, the difference in
stiffness reduction before the ultimate load between the experimental results and the FE results is
believed to be due to the dynamic effect observed in the experiments which are not included in
the FE model.
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Typical predicted distributions of stresses in the adhesive layer over the height of the adhesive
layer (vertical section in Fig. 2) are shown in Fig. 5 for a specimen wish adhesive Sika 30 and in
Fig. 6 for a specimen with adhesive Sika 330. In these figures negative peeling stresses are
compressive and the stress values are normalized values; the normal stresses are normalized with
respect to the tensile strength of the adhesive while the shear stresses are normalized with respect
to the shear bond strength (i.e. the maximum shear bond stress on the bond-slip curve) of the
adhesive shown in Table 2. The transverse shear stresses act along the fiber direction of the
CFRP plate (i.e. in the vertical direction) while the longitudinal shear stresses are perpendicular
to the fiber direction (i.e. in the horizontal direction).
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Figure 5. FE interfacial stress distributions for a specimen with adhesive Sika 30

As can be expected, there are local stress concentrations near the two plate ends (Figs. 5 and 6).
Fig. 5a shows that for a specimen with adhesive Sika 30 subjected to an end bearing load of 10
kN, the peeling stress reaches around 90% of the adhesive tensile strength in the vicinity of the
plate end, whereas the shear stress in the same region reaches only 42% of the shear bond
strength of the adhesive. It is therefore clear that the peeling stress is dominant in this type of
bonded joints. When debonding occurs at the plate end, the interfacial stresses in the plate end
region become zero (Figs. 5b and c) and near the crack tip, the peeling stress continues to be
dominant (Figs. 5b and c). As debonding propagates, the resistance provided by the CFRP plate
to the rotation of the web is reduced, and more rotation of the web can be expected, which leads
to increases in peeling stresses. With this process, the peeling stresses near the crack tip keep
increasing and in turn drive the propagation of debonding. It is clear that this debonding process
is essentially governed by the interfacial peeling stress. It can also be seen that high interfacial
stresses are concentrated initially at the plate ends, but as debonding propagates, these high
stresses move to the tip of the debonding crack.
Although peeling stresses also govern the behavior of specimens with adhesive Sika S330, the
debonding process is slightly different. When debonding initiates, the stresses at the very ends of
the plate reduce to zero in a specimen with adhesive Sika 30 (Fig. 5b). However in a specimen
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with adhesive Sika 330, compressive peeling stresses exist at the plate ends and debonding
initiates at a very small distance away from the plate ends (Figs. 6b and c). This behavior is
believed to be caused by the reduced plate end stress concentration due to a lower elastic modulus
of the Sika 330 adhesive. However, irrespective of the difference in elastic modulus, the
dominance of the peeling stress over the shear stress is still clearly seen. In steel beams
flexurally-strengthened with CFRP, significant peeling stresses near the plate ends were found to
lead to damage initiation. However it was also shown that as debonding initiates, peeling stresses
become much less important [8]. The FE results presented in this section for CFRP-strengthened
steel tubes under an end bearing load show a different response. For these members, interfacial
peeling stresses are dominant not only at debonding initiation and but also during the propagation
of debonding (Figs. 5 and 6). This observation indicates that the mechanisms of damage initiation
and propagation depend on the type of bonded joints. The accuracy of such a FE model, where
peeling stresses are dominant, is highly dependent on the accuracy of the bond-separation law
adopted for mode I loading. Therefore, more experimental results for the mode-I behavior of
CFRP-to-steel interfaces are needed to obtain a fuller understanding of the problem.
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Figure 6. FE interfacial stress distributions for a specimen with adhesive Sika 330

(b) Specimen with adhesive Sika 330
(a) Specimen with adhesive Sika 30
Figure 7. Deformed shapes of specimens at failure from the FE model

The deformed shapes of the specimens at failure predicted using the FE model are shown in Fig.
7. It is clear from Fig. 7b that the failure mode of a specimen with adhesive Sika 330 is localized
near the top end of the section while the failure mode of a specimen with adhesive Sika 30

involves overall lateral deformation of the web (Fig. 7a).
The experimental load-displacement curves of the specimens with adhesive Sika 330 (Fig. 4c)
indicate that at around 18 kN, some load drops exist. Experimental observations indicated that
this behavior was due to debonding occurring in the plate end regions. With debonding in these
regions, sudden releases of stresses and reductions in the resistance offered to the web against
rotation occur, increasing the deformations of the web and reducing the web stiffness. The FE
analysis predicted a much more gradual process of debonding, leading to a higher stiffness in the
load-displacement curve before the ultimate load. In the specimens with adhesive Sika 30, no
such load drops are seen in the experimental load-displacement curves. Based on the discussions
above, it can be concluded that overall, the present FE model predicts the load-displacement
behavior and the failure mode closely.

4. Conclusions
This paper has presented a finite element (FE) model for predicting the behavior of
CFRP-strengthened rectangular steel tubes subjected to an end bearing load; in this model,
debonding between CFRP and steel due to cohesion failure within the adhesive layer is captured
using the cohesive zone model. The cohesive law adopted for modeling the adhesive layer is
based on a bi-linear bond-slip model for mode II loading proposed by the authors’ group for
linear adhesives. The FE results have shown that debonding in such strengthened steel tubes is
governed by interfacial peeling stresses. The excellent agreement between the experimental and
the FE results has validated the FE model and confirmed the usefulness of the traction-separation
model in simulating debonding failures of CFRP-strengthened metallic structures. More work is
needed to develop a traction-separation model for non-linear adhesives in the FE model.
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